Determination of methylmalonic acid (MMA) in serum or urine for evaluation of tissue cobalamin (vitamin B12) deficiency is becoming an important diagnostic procedure. Here I present the first investigation of dietary influence on concentrations of MMA in serum and urine. Everyday meals caused an increase in urinary excretion, whereas the concentration in serum was not increased significantly. It is difficult to prime the accumulation of MMA in normal subjects by stressing the metabolic pathway; after loading subjects with 100 mmol of isoleucine or valine, the absolute amount of MMA excreted increased by only about 3 j.mol. Its concentration in serum tended to decrease and its urinary excretion declined after lack of protein intake for more than 15 h. Although a linear relationship was demonstrated, for the first time, between concentrations in serum and urinary excretion, my results indicate that patients with early evidence of cobalamin deficiency and normal subjects may best be differentiated by measurements in serum, especially in the case of nonfasting (i.e., ambulatory) patients.
The clinical value of cobalamin estimations is controversial. Some have argued (1-3) that cobalamin concentrations in serum may be normal or high despite a functional cobalamin deficiency. The need for an ancillary diagnostic test in many patients with low or low-normal serum cobalamin has been emphasized, and testing for methylmalonic acid (MMA) in urine (4, 5) or in serum (6) has been recommended. Others claim that serum cobalamin is the simplest, least expensive, and most useful measure of cobalamin status. Considerable debate on these divergent points has ensued (7-11). A prerequisite for the interpretation of MMA measurements is knowledge of the magnitudes of possible preanalytical sources of variation. To my knowledge, no investigation on the effect of food intake on concentrations of MMA in blood or urine has yet been reported, but earlier investigators (14) (15) (16) (17) (20) . I now report the use of this method to address the above question.
My findings suggest that dietary influences in normal subjects are minimal in serum, whereas the urinary excretion of MMA significantly increases after meals. In experiment 3, MMA in serum was measured in 10 subjects on two days in which they were fed a commonplace diet and on two days in which they continued overnight fasting.
Materials and Methods

In
Subjects
In experiments 1 and 2, three volunteers were studied, two women (L and A) and one man (J), all college students.
History
and physical examination failed to reveal any abnormality.
In experiment 3, serum specimens were obtained from 10 apparently healthy volunteers (three men and seven women, ages 40-57 years).
In all 13 subjects, concentrations of cobalamin in serum, erythrocyte counts, leukocyte counts, differential leukocyte counts, platelet counts, and concentrations of hemoglobin were all within normal limits, as were results of renalfunction and liver-function tests. All were in good nutritional state, with a normal protein intake. None took drugs.
Collection and Storage of Specimens
Blood. In experiments 1 and 2, blood samples were taken from an indwelling cannula inserted into the antecubital vein. A few milliliters of isotonic saline was used to keep the cannula patent. After coagulation at room temperature for 1 h, serum was separated by centrifugation and stored
at -20#{176}C.
Urine. Subjects L, A, and J were familiar with the problems of collecting timed urine specimens, but strict instructions were reiterated.
Urine was stored at room temperature during the collection period and then, after the volume was measured, at -20 #{176}C.
Experimental Procedures
Except for the amino acid loads, the meals and loads were isocaloric, 3000 kJ each, appropriate for the individual's age and body weight. The proportion of protein, carbohydrate, and fat was determined and the content of the two most important precursors of MMA, valine and isoleucine, was calculated after a detailed dietary assessment of the edible portion of the meals and loads (21). The subjects were asked to drink plenty of tap water between meals and loads, to promote diuresis. Unsweetened coffee and tea, but no other liquid, food, or smoking was allowed during experiments 1 and 2. The subjects were kept under conditions of moderate physical activity. The protocol began with an overnight (12-h) fast. Half an hour after midnight the subjects voided a urine sample that was discarded. The first blood sample was drawn at 0600 h and urine was collected (sample 0) immediately before breakfast, which was served at 0635-0700 h.
Experiment 1.
Urine was collected from subject L every 6 h throughout the study. Blood was collected every hour until midnight, again at 0200 h, and at 3-h intervals thereafter (see Figure 1 ). The next morning subjects A and J were given an oral load of amino acids: 100 mmol of L-valine (11.7 g) and 100 mmol of L-isoleucine (13.1 g), respectively, dissolved in 400 mL of water.
Experiment 3. Serum specimens were obtained during a two-week period. On day 1 and day 3, the 10 subjects continued overnight fasting for a total of 13 to 15 h; on day 2 and day 4, blood was sampled 5 h after an everyday breakfast (coffee with Danish pastry was allowed approximately 3 h after the breakfast).
Determinations
MMA in serum and urine was determined by stableisotope-dilution with solid-phase extraction of the samples (20). MMA from urine (an aliquot equivalent to 1 moI of creatinine) and from 550 L of serum was quantitatively extracted, together with added methyl-d3-malonic acid (internal standard), onto a small, disposable, strong-anionexchange column. The sorbent counter-ion was formate. Neutral and basic compounds were washed out with water, and the retained organic acids were eluted with 18 molJL formic acid. The formic acid was removed by evaporating the resulting extract under a stream of nitrogen at room temperature. Table 3 gives the values for concentrations of MMA in serum from the 10 subjects in experiment 3.
Results and DiscussIon
Effect of Feeding
This study presents the first investigation of dietary dependence of concentrations of MMA in serum and urine in normal subjects. By the 3 x CV criterion, it is evident from Figure 1 and Table 1 that the concentration of MMA in serum from subject L was not appreciably altered by ingestion of the diet given on the first day. In contrast, the meals caused a significant stepwise increase in the urinary excretion of MMA during the following hours, doubling after dinner, suggesting that there had been increased formation of this acid. The effect of protein intake may be long lasting. Thus, the effect of ingestion of the protein-rich dinner on the urinary concentration of MMA was still apparent 12 h later.
To confirm the observed dietary independence of serum MMA in normal subjects, I performed experiment 3. Analysis of results in Table 3 by two-way analysis of variance with two observations per cell (23) showed significant variation between the subjects (P <0.01), but no significant variation between the treatments (P >0.05). Therefore, for each individual, whether fasting or not, the concentration of MMA in serum was consistent within the two-week period.
Effect of Prolonged Fasting
After subjects had fasted for about 15 h, the concentration of MMA in serum tended to decrease, and the urinary excretion declined to a low, apparently constant, value. As mentioned earlier, MMA is an intermediary in the catabolism of the two branched-chain amino acids isoleucine and valine. Thus the decrease may be a consequence of depressed concentrations of valine and isoleucine. Snyderman et al. (24) found that the most striking changes in the plasma aminogram after reduction in intake of protein were depression of the branched-chain amino acids. During more prolonged starvation, the plasma concentrations of the branched-chain amino acids are known to increase (25).
Effect of Loading
Protein. Even the protein-rich meal given subjects A and 
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J caused only a minor "noisy" increase of the MMA concentration in serum ( Figure  1 and Table 2 ), whereas the increase in urinary excretion exceeded the total analytical imprecision by at least 10-fold. Oberhoizer et al. (14) , using a colorimetric method of limited specificity, reported a decrease in plasma after a load containing about 27 g of protein was given to an eight-year-old girl suffering from an inherited block in the metabolic conversion of methylmalonyl-CoA to succinyl-CoA.
Despite this decrease in plasma MMA, they noted a significant increase in the rate of urinary excretion of MMA (data were not stated).
As mentioned, the concentration of MMA in serum appears to be particularly labile after ingestion of protein, especially in subject J, a trend similar to that observed after the protein-rich dinner in experiment 1, in contrast to the stable value during prolonged fasting ( Figure   1) . A likely explanation might be differences in the readiness with which the proteins from egg, milk, meat, and vegeta- bles in the mixed diet were digested.
Fat and sugar. In accordance with the findings by Oberhoizer et al. (14) , the concentration of MMA in serum decreased and the amount of MMA excreted lessened markedly after ingestion of sugar or fat. The decline was most likely the result of lack of protein intake for more than 15 h (see Effect of Prolonged Fasting).
Valine and isoleucine.
Loading with either 100 mmol of valine or 100 mmol of isoleucine gave increases of MMA in serum; at the most, however, these amounted to only 4 SD (see Table 2 ), but the trend is clearly present (see Figure 1) . In contrast to the "noisy" increase after protein intake, this increase continued for only 2 to 3 h. This short-lived response may reflect the known rapidity with which valine and isoleucine are absorbed from the gastrointestinal tract (24) and the fact that their concentrations in plasma appear to vary directly with intake (26).
The excess in urinary excretion amounted only to about 3 mol (see below). Probably because of the insensitivity of the various chromatographic methods used, Chanarin et al. (17) , in accordance with earlier investigators (15, 16), noted no increase in excretion in 39 control subjects after an oral dose of 85 mmol of valine or isoleucine, except for one subject whose MMA excretion was 50% above baseline after oral isoleucine.
Relationships between Concentration of MMA in Serum and Unnary Excretion
Using the coefficient of linear regression to establish the relationships between the parameters listed in Tables 1  and 2 
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.005; and n = 9, 13, 11, respectively) with an overall correlation of r = 0.63 (P <0.0005, n = 33). These data agree well with the linear relationship (r = 0.98, P <0.001) between concentrations in serum (range: 0.05-34.2 p.moIJL) obtained from 48 subjects (volunteers and patients with cobalamin deficiency) and 24-h urinary excretion of MMA relative to creatinine, as reported in the accompanying paper (27) . The overall correlation between MMA in serum and the urinary excretion rate calculated hourly was
Excess Excretion of MMA after Feeding and Loading
The urinary excretion of MMA by subject L during the initial fasting period (sample 0) and during the prolonged fasting period appears similar ( Table 1) . When the initial fasting value was regarded as baseline excretion, the excess excretion in the 6-h periods after breakfast, lunch, and dinner was 1.02, 1.38, and 1.56 mol, respectively.
Therefore, although the meals contained a total of 91 mmol of the two major precursors for methylmalonyl-CoA, isoleucine and valine, the absolute amount of MMA excreted increased by only about 4 mol.
Similarly, the excess excretion in subject A during the 12-h periods after loading with protein and valine was 5.16 and 1.98 mol, respectively ( Table 2 ). In subject J the excess excretion during the 12-h periods after loading with protein and isoleucine amounted to 8.37 and 0.69 zmol, respectively.
However, the excretion during the 3-h period before loading with amino acid was lower than the initial baseline excretion, especially in subject J (see Table 2 ). If this preload excretion was regarded as baseline, the excess excretion of MMA after valine in A and after isoleucine in J amounted to 2.70 and 3.09 pmol, respectively.
Unless some MMA was metabolized via unknown pathways, the above observations suggest that in healthy persons only a tiny fraction (about 3 x 10-s) of the methyl- noted (27) for serum from 28 healthy volunteers, ages 22-86 y, who all had a normal concentration of cobalamin in serum. Second, the finding that MMA in serum was not appreciably increased by stressing the biochemical pathway makes it unlikely that the high values encountered in some of the blood donors were due to previous intake of food. In my laboratory, we are currently attempting studies on apparently normal subjects before and after injections of cobalamin, in an attempt to define the normal concentration of MMA in serum of non-cobalamin-deficient persons.
In conclusion, my set of data implies that it is unlikely that the concentration of MMA in serum in normal subjects is appi-eciably influenced by previous intake of food. In contrast, its urinary excretion, best expressed relative to that of creatmine, is significantly increased.
Therefore, distinction between patients with early evidence of cobalaniin deficiency and normal subjects may best be achieved by measurements of serum, especially for nonfasting, i.e., ambulatory, patients.
